as fetuses and infants (Sinder, 1994; Bibel and Barde, 2000). If the effect of BDNF as

an accelerator, not as a neurotrophin, on the methylmercury-induced cell death in vitro

is also detected in the brain, the indispensability of BDNF for m development of

nerve tissue might determine the higher sensitivity to mei@rcm in developing

animals. The second characteristic is that neurons higthﬁti\re to methylmercury

toxicity, such as cerebellar granular cells and granul f the cerebral cortex, are in
Q.

particular areas of the central nervous system (@
n

al., 2002), which means that the difference

Irukayama, 1977; Weiss et
sitivity to methylmercury occurs
between neurons even in the same b the present study, BDNF promoted
methylmercury-induced death of Tﬂ@ssiﬂg cells, suggesting that neurons which
express TrkB will be more sensi methylmercury than those which do not. Thus,

the difference in mcthylme@ensitivity between neurons in the brain may be

determined by whether individual neurons express TrkB. And in fact, the second

to fifth layers of thefc | cortex of humans show higher levels of TrkB mRNA,
while the second and following layers show a higher expression of BDNF mRNA
(Webster et @06), which is in partial agreement with the layers of the human
cerebral comlat are degenerated by methylmercury exposure, particularly the second
and third layers (Takeuchi et al, 1977). The BDNF-induced acceleration of
methylmercury-induced cell death is a good model to clarify the mechanisms of this

BDNF effect. Further investigation using this model may help to identify the

mechanisms and characteristics of methylmercury toxicity.

4, Experimental Procedures

4.1. Cell cultures and treatment
Primary cultures of cerebellar granule neurons were prepared from Wistar rats

11
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(Jel:Wistar; Clea Co., Tokyo, Japan) within 24 h after birth, as described previously

(Sakaue et al., 2005). Briefly, cerebella were removed from the pups and incubated with

trypsin for 13 min at room temperature were minced by mild t‘r’isﬁjgg with a Pasteur

pipette. Cerebellar granule cells were seeded in Eagle’s n{'{?al essential medium

(Gibco BRL, Grand Island, NY) containing 1 mg/ml BS g/ml bovine insulin, 0.1

nM thyroxin, 0.1 pg/mg human transferrin, 1 pg/ml tigin, 30 nM Na,SeO;, 0.25%
%

glucose, 100 units /mL penicillin, and 135 pg}mQ

dishes and cultured for 2 days. Rat neuroblast

mycin on poly-L-lysine-coated
35 cells were purchased from the
American Type Culture Collection (ATC(?B ssas, VA). The B35 cells were cultured
in growth medium, Dulbecco’s mod@le’s medium supplemented with 10% fetal
calf serum (HyClone, South L UT), 100 units /mL penicillin, and 135 pg/mL
streptomycin.  The medium%changed every second day. These cell culture
supplements were purchased frem Sigma-Aldrich (St. Louis, MO).

The cells wc% ubated for 24 h and treated with methylmercuric chloride
(Tokyo Kasei KggyosCo., Ltd, Tokyo, Japan) at the concentrations indicated in the
figures with{or Yvithout recombinant human BDNF (Peprotech, London, UK),
recombinaanan neurotorophin-4 (NT-4; Sigma-Aldrich), or mouse nerve growth
factor (NGF; Sigma-Aldrich). These neurotrophins were added to the medium 30 min
before the methylmercury treatment. In addition, a BDNF-neutralizing antibody
(Sigma-Aldrich) and a MAPK inhibitor, U0126 (Calbiochem, Darmstadt, Germany),
were used to investigate whether the BDNF effect involves the binding of BDNF to its
receptor and activation of the MAP signaling cascade. The numbers of viable cells of
the primary culture and the B35 cell line were estimated by crystal violet staining, as

described previously (Sakaue et al., 2005). All experiments were carried out in
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accordance with the Kitasato University Guidelines for Animal Care and

Experimentation.
4.2. Cloning of the stable transformant of B35 cells expresﬁi$

Using two primers, rTrkB1FEcoRI (5’-GAATTCCT ATAGGAC-3") and
rTrkBIRNotl  (5-GCGGCCGCACTGTCAGAGCG ~~‘\-clf:signated on the
sequences of rat TrkB from GenBank (Accession N 012731), rat TrkB cDNA

was amplified with rat brain ¢cDNA as a temp @ approximately 2.8-kb cDNA
fragment of TrkB was cloned into the Ec site of pcDNA3.1 (Invitrogen,
Carlsbad, CA) for construction of the exprgssiomplasmid and then sequenced.

B35 cells were transfected with th expression construct using Lipofectamin
(Invitrogen, Carlsbad, CA) according” to the manufacturer’s instructions. Stable
transformants were selected i ﬁumedium containing 0.8 mg/ml geneticin (G418;

Invitrogen). G418-resis 1Is” were cloned, and the TrkB mRNA expression was

checked in each clon Qg RT-PCR. To confirm the function of the expressed TrkB

protein in the tr t, phosphorylation of two factors of signal transduction in the
region down TrkB, ERK and MEK, in the selected clone in mock or TrkB
transform er BDNF treatment was detected using Western blot analysis, which

was performed as described in our previous report (Sakaue et al., 2005). Briefly, after
BDNF treatment at 50 ng/ml, B35 cells were washed three times with PBS (pH 7.4) and
harvested in Lamini’s buffer (3% SDS, 62.5 mM Tris base, pH 6.8). The protein
concentration in cell lysates was determined by a BCA assay (Bio-Rad, Hercules, CA).
SDS-polyacrylamide gel electrophoresis (PAGE) was performed with 50 pg of lysate
protein. For Western blotting, proteins were transferred to a PVDF membrane (GE

Healthcare, Buckinghamshire, UK) at 100 V for 2 h. To determine the phosphorylation
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state, the membrane was washed in 0.05% Tween-20 PBS (T-PBS) and incubated in a
blocking buffer, 1% bovine serum albumin T-PBS, for 1 h at room temperature. Then,
the first antibody, i.e., rabbit anti-phospho-ERK (pERK) 1/2 éhgdy, anti-ERK 1/2
antibody, anti phospho-MEK antibody or anti-MEK antibodyyas reacted with the
membrane for 12 h at 4°C, followed by reaction with hoﬁ@?ﬂ peroxidase-conjugated
secondary antibody (1:1000; Sigma) for 1 h at 4°C @antibodﬁe& were purchased
from Cell Signaling Technology, Inc. (Danvers, ] ced chemiluminescence by
Chemilumi one (Nacali Tesque, Kyoto, Japa@ etermined by exposure to an X-ray
film (GE Healthcare). v»
4.3. RT-PCR %
Total RNAs of rat cerebell urohal culture and whole cerebella were extracted

and reverse-transcribed in n solution containing SuperScript™ II reverse
transcriptase and Oligo(d)‘% mer (Invitrogen) for producing ¢cDNA, as described ,
previously (Sakaue e QOM). The ¢cDNAs were stocked at -20°C before use. PCRs
for TrkA, TrkB, were carried out in 50 pl of PCR mixture containing 1.25
units of ExT: erase (Takara Biochemicals, Otsu, Japan), 1 x ExTaq™ buffer,
0.2 mM ct?gnixture, 100 pM of each primer, and 2 pl of the cDNA. The PCR
conditions for all genes were as follows: an initial denaturation step at 95°C for 3 min,
followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec,
and extension at 72°C for 45 sec, with a final extension step at 72°C for 3 min. The
primer sequences of the neurotrophin receptors reported by Nemoto et al. (2000) were

referenced in the present study.
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Figure legends

Fig. 1. BDNF accelerates methylmercury-induced cell death i ri culture of rat

cerebellar granule cells. (A-D) Phase-contrast micrograph bellar granular cells
in BDNF-treated culture. The microphotographs show Q;ol, (B) methylmercury-
treated (30 nM), (C) BDNF-treated (100 ng/ml), methylmercury and BDNF-

treated (30 nM and 100 ng/ml) cells. Bar = 50 @ebellar granule cell viability was
assayed 48 h after treatment with methylmev%o nM) and/or with the neurotrophins

(E and F) BDNF, (G) NT-4, or (H) NGgEWIteration of the BDNF effect at 100 ng/

ml on the cell viability over time. Da expressed as the mean = S.D. (E, G, H,n=

3; F, n = 4) of the percenta cell viability compared to the group without
methylmercury and BDNF %ﬂt& Statistical analyses were performed using two-

way ANOVA with Fist PLSD test as a post-hoc test. * a, b, ¢, and d denote

significant differen:@veen different letters (p < 0.05).
Q

Fig. 2. Inv nt of TrkB and its signal cascade in the acceleration of
meﬂlylmerx.induced cell death by BDNF treatment (10 ng/ml). Cell viability was
assayed 48 h after methylmercury treatment at 30 nM. (A) Inhibitory effect of the
neutralizing antibody against BDNF and (B) inhibitory effect of the MAPK inhibitor,
U0126 (30 pM) on the augmentation of cell death by BDNF. (A and B) Data are
expressed as the mean £ S.D. (A, n = 4; B, n = 3) of the percentage of cell viability
compared to the group without methylmercury and BDNF treatments. Statistical
analyses were performed using two-way ANOVA with Fisher’s PLSD test as a post-hoc

test. a, b, ¢, d, and e denote significant differences between different letters (p < 0.05).
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(C) RT-PCR analysis of the mRNA expression of neurotrophin receptors in a primary

culture of rat cerebellar granule cells (lane #1 and 2) and cerebrum (lane #3). The
¢DNAs for the PCR templates were synthesized from total RNA Aﬁu‘as independently

prepared from the primary cultures of rat cerebellar granule the whole cerebrum

of an adult rat. Q\

Fig. 3. TrkB expression is necessary for B o act as an accelerator for
methylmercury-induced cell death in the stab sformant of the TrkB expression
vector. The cells, mock (A, C, E, G) (B, D, F, H) transformants, were

incubated and then fixed 40 h @nelhylmercury treatment. Phase-contrast
micrographs show the results in Q control, (C, D) BDNF-treated, (E, F) CH;HgCl-
3

treated, (G, H) or BDNF HgCl-treated cells. (I) Viability of the stable

transformant 40 h after t. The concentration of BDNF is 100 ng/ml. Bar = 100
pm. (J) BDNF alte jability of the TrkB transformant cells in a dose-dependent
manner. The Trl formant cells were incubated with methylmercury at 0 nM

(white bar) o600 (black bar). Data are expressed as the mean + S.D. (n = 3) of the
pcrccmage%l viability to mock control at (I) or to control treated with 0 nM of
methylmercury at (J). Statistical analyses were performed using two-way ANOVA with
Fisher’s PLSD test as a post-hoc test. a, b, ¢, d, and e denote significant differences
between different letters (p < 0.05). (K) Detection of phosphorylated ERK (pERK) and
MEK (pMEK) to confirm the function of the expressed TrkB in the mock or TrkB
transformants with (+) or without (-) BDNF treatment. Cell lysates were subjected to
Western blotting, and the results were confirmed with anti-pERK, anti-ERK, anti-

pMEK or anti-MEK antibodies.
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Synopsis

Microsomal prostaglandin E synthase-1 (mPGES-1) is a stimulus-inducible enzyme that functions
downstream of cyclooxygenase (COX)-2 in the prostaglandin E; (PGE;)-biosynthetic pathway. Although
COX-2-derived PGE; is known to play a role in the development of various tumors, the involvement of
mPGES-1 in carcinogenesis has not yet been fully understood. Here, we used Lewis lung carcinoma (LLC)
cells with mPGES-1 knockdown or overexpression as well as mPGES-1-deficient mice to examine the
roles of cancer cell- and host-associated mPGES-1 in the processes of tumorigenesis in vitro and in vivo.
We found that siRNA silencing of mPGES-1 in LLC cells decreased PGE; synthesis markedly,
accompanied by reduced cell proliferation, attenuated Matrigel invasiveness and increased extracellular
matrix adhesion. Conversely, mPGES-1-overexpressing LLC cells showed increased proliferating and
invasive capacities. When implanted subcutaneously into wild-type mice, mPGES-1-silenced cells formed
smaller xenograft tumors than did control cells. Furthermore, LLC tumors grafted subcutaneously into
mPGES-1 KO mice grew more slowly than did those grafted into littermate wild-type mice, with
concomitant decreases in the density of microvascular networks, the expression of proangiogenic vascular
endothelial growth factor, and the activity of matrix metalloproteinase-2. Lung metastasis of intravenously
injected LLC cells was also significantly less obvious in mPGES-1-null mice than in wild-type mice. Thus,
our present approaches provide unequivocal evidence for critical roles of the mPGES-1-dependent PGE;
biosynthetic pathway in both cancer cells and host microenvironments in tumor growth and metastasis.

Key words: microsomal prostaglandin E synthase-1, prostaglandin E,, tumorigenesis, knockout mouse,
metastasis.



INTRODUCTION

Numerous studies on rodent cancer models and human cancers have shown that nonsteroidal
anti-inflammatory drugs (NSAIDs) have antineoplastic properties [1]. A well-known effect of the NSAIDs
is their ability to inhibit the enzyme cyclooxygenase (COX) and thereby to suppress prostaglandin (PG)
synthesis. PGE;, the most common PG, is involved in tumor progression by inducing angiogenesis,
invasion, and metastasis in several solid tumors [2]. Biosynthesis of PGE; from arachidonic acid, which is
spatiotemporally supplied from membrane phospholipids by the action of phospholipase A, is catalyzed
sequentially by COX and PGE synthase (PGES) [3]. COX catalyzes the insertion of molecular oxygen into
arachidonic acid to form the unstable intermediate PGG,, which is rapidly converted to PGH; by the
peroxidase activity of the same enzyme. Of the two COX isoforms, COX-1 is expressed constitutively in
most tissues and is generally responsible for the production of PGs that control normal physiological
functions, while COX-2 is inducible in response to mitogens, cytokines, and cellular transformation. High
levels of constitutive expression of COX-2 and its product PGE; have been detected in various cancer cells
and tissues. Moreover, pharmacological, cell biological, and gene targeting studies investigating COX-2
and PGE receptors (EPs) have demonstrated that PGE; produced through the COX-2-dependent pathway
contributes to the progression of several types of cancer [4, 5].

PGES catalyzes the conversion of PGH,, produced by COX-1 or COX-2, to PGE;. Thus far, three
PGES enzymes, microsomal PGES (mPGES)-1, mPGES-2, and cytosolic PGES (¢PGES), have been
identified [6-9]. Among these PGES isozymes, mPGES-1 is induced by proinflammatory stimuli and
down-regulated by anti-inflammatory glucocorticoids as in the case of COX-2, and is functionally coupled
with COX-2 in marked preference to COX-1 [7, 10, 11]. Induction of mPGES-1 expression and its
function have been observed in various diseases and systems in which COX-2-driven PGE; has been
implicated, such as rheumatoid arthritis, febrile response, reproduction, bone metabolism, cardiovascular
function, stroke, and Alzheimer’s disease [12, 13]. Furthermore, it has recently been reported that
mPGES-1 is constitutively expressed in several cancers, most of which also express COX-2 constitutively
[14, 15]. We have reported that the forcible transfection of mPGES-1 in combination with COX-2, but not
with COX-1, into HEK293 cells led to cellular transformation with a concomitant and robust increase in
PGE; [14]. Transgenic mice overexpressing both COX-2 and mPGES-1 developed metaplasia, hyperplasia,
and tumorous growth in the glandular stomach with heavy macrophage infiltration [16, 17). It has also
been suggested that the PGE; produced through the COX-2-dependent pathway may regulate cancer-host
communications that influence tumor progression. Studies using mice null for COX-2 or EPs have
revealed that stromal cells around cancer cells express COX-2 and synthesize PGE,, which, in tumor
niches, may act on stromal cells in an autocrine fashion to induce the production of proangiogenic factors
and consequent angiogenesis as well as on cancer cells in a paracrine fashion to promote their growth,
survival, adhesion and motility [S, 18-20]. Although several studies, including ours, have found by
immunohistochemistry that mPGES-1 is expressed in both stromal cells and cancer cells in tumor tissues
[14, 21], the contribution of mPGES-1 expressed in either cell population to tumor progression has not yet
been fully elucidated.

Although the inhibition of COX-2-mediated PGE; formation represents a promising chemopreventive
strategy for reducing the risk of cancer, the cardiovascular side effects associated with COX-2 inhibitors,
which most likely result from the blunting of anti-thrombotic prostacyclin (PGL), have recently been found
to limit their use [22, 23]. From this viewpoint, selective blockage of the biosynthesis of PGE; without



affecting other prostanoids appears to be feasible for cancer chemoprevention with the potential for
improved tolerability over NSAIDs. To better evaluate the efficacy of mPGES-1 inhibition in relieving
symptoms of cancer, we herein used lung carcinoma cells with mPGES-1 knockdown (KD) or
overexpression as well as mice null for mPGES-1. Our results provide evidence that mPGES-1 in both
cancer cells and hosts contributes to tumorigenesis in vitro and in vivo.

EXPERIMENTAL
Cells

Lewis lung carcinoma (LLC) cells, which were originally isolated from the C57BL/6 mice, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v) fetal calf serum (FCS) under a
humidified atmosphere containing 5% CO,. To establish mPGES-1 KD and overexpressing LLC cells, we
transfected these cells with a pRNA-U6.1/Hygro siRNA expression vector (GenScript, Piscataway, NJ)
harboring an mPGES-1-directed siRNA target sequence (5-GGCCTTTGCCAACCCCGAG-3' (residues
126-144 in the open reading frame) and a pcDNA3.1 expression vector (Invitrogen, Carlsbad, CA)
containing mouse mPGES-1 ¢DNA, respectively, using lipofectamine 2000 (Invitrogen). After the
transfection of these plasmids, LLC cells were cultured in medium containing 1 mg/ml G418 (Invitrogen)
to establish stable clones. As a control, LLC cells transfected with an empty vector (PRNA-U6.1/Hygro or
pcDNA3.1) were used (referred to as mock cells hereafter).
Animals

C57BL/6 and BALB/c mice were obtained from the Saitama Animal Center, mPGES-1 KO mice were
established as described previously [12, 13], and backcrossed at least three generations with C57BL/6 mice
or ten generations with BALB/c mice. Female mPGES-1 KO mice and littermate wild-type (WT) mice (7
weeks old) were used in each experiment. The mice were housed in microisolator cages in a pathogen-free
barrier facility, and all experiments were conducted under approved institutional guidance.
Cell growth assay

Cells were seeded at 6 x 10* cells/well in 6-well plates or 1.5 x 10° cells/flask in T-25 culture flasks in
culture medium in the presence or absence of 10 nM NS-398 (Cayman Chemicals, Ann Arbor, MI), a
COX-2 selective inhibitor, or 1 mM 16,16-dimethyl PGE; (dmPGE;) (Cayman Chemicals), a
metabolically stable analog of PGE;. After culture of 72 h, the cells were collected by trypsinization and
counted in a Bright-line hemocytometer in the presence of trypan blue.
Western blotting

Aliquots of samples (20-pg protein equivalents) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 10% (w/v) gels under reducing conditions.
The separated proteins were electroblotted onto nitrocellulose membranes (Schleicher & Schuell, Hahnestr,
Germany) with a semidry blotter (Bio-Rad, Hercules, CA). After blocking with 3% (w/v) skim milk in
TBS (pH 7.4) containing 0.05% (v/v) Tween 20 (TBS-Tween), the membranes were probed with the
respective antibodies for 2 h (1:2000 dilution for antibodies against mPGES-1 [14], mPGES-2 (Cayman
Chemicals), cPGES (11), COX-1 and -2 (Santa Cruz Biotechnology, Santa Cruz, CA), EP1, 2, 3 and 4
(Cayman Chemicals), and vascular endothelial growth factor (VEGF) (Sigma, St. Louis, MO); and 1:2500
dilution for anti-mouse a-tubulin antibody (Zymed Laboratories, South San Francisco, CA) in
TBS-Tween). After washing with TBS-Tween, the membranes were incubated with horseradish
peroxidase-conjugated anti-goat (for COX-1, COX-2 and VEGF), anti-rabbit (for mPGES-1, mPGES-2,



¢PGES, and EP1-4) and anti-mouse (for a-tubulin) IgG antibodies (1:5000 dilution in TBS-Tween) for 1 h,
and visualized with the ECL Western blot system (Perkin Elmer Life Sciences, Boston, MA), as described
previously [7, 13, 14].
Determination of PG levels

For the measurement of PGs in tissues, mouse tissues were washed twice with Hanks’ solution containing
10 uM indomethacin (Sigma) before homogenization. The supernatants obtained from the tissue
homogenates were adjusted to pH 3.0 with | N HCl and passed through a Sep-Pak C18 cartridge (Waters,
Milford, MA), and the retained PGs were eluted with 8 ml of methanol, as described previously [13]. A
trace amount of [*HJPGE, (Cayman Chemicals) was added to the samples before passage through the
cartridges to calibrate the recovery of the PGs. The sample solvents were evaporated, and then the PGs
were dissolved in an aliquot of buffer and assayed with commercial enzyme immunoassay kits for
individual PGs (Cayman Chemicals). Likewise, aliquots of the supernatants of cultured cells were
subjected to the enzyme immunoassay for PGs.
Adhesion assay

Cells were plated at 2 x 10° cells in 35 mm dishes, which were pretreated with collagen, fibronectin or
laminin (BD Biosciences, Billerica, MA). After incubation for 60 min at 37°C, the cells were fixed with
Carnoy solution and then stained with Giemsa solution for 60 min. Adherent cells were counted in three
fields at 40 x magnification using a microscope and J image software.
Invasion assay

Cell invasiveness was evaluated using a BD BioCoat™ Matrigel™ Invasion Chamber (BD Biosciences)
according to the manufacturer’s instructions. In brief, cells (1.2 x10° cells in 0.5 ml) suspended in DMEM
containing 3% (v/v) FCS and 1% (v/v) sodium pyruvate (Invitrogen) were seeded on the top of the gel in
each chamber. DMEM containing 10% FCS (0.75 ml) was added as a source of chemoattractants into the
bottom wells of the plate. After 16 h of incubation, cells that had invaded onto the lower surface of the
chamber were fixed with methanol for 5 min, and stained with crystal violet, Non-invasive cells on the
upper surface were removed with a cotton bud, and the membrane was cut. The number of invading cells
was quantified by counting them under a light microscope. Statistical significance was determined by the
Student’s r-test.
Tumor implantation model

One million LLC cells in 100 pl of phosphate-buffered saline (PBS) were injected subcutaneously into
8-wk-old female mice. Tumor growth was assessed by the measurement of two bisecting diameters in each
tumor using calipers. The size of the tumor was determined by direct measurement of the tumor
dimensions. The volume was calculated according to the equation (V = (L x W2 x 0.5), where V = volume,
L = length, and W = width (36). On day 14 after tumor implantation, the mice were anesthetized and killed
by dislocation of the cervical spine, and the tumor tissues were dissected, weighed, and then fixed in 10%
(v/v) formalin for histochemical analyses. The intratumoral blood vessels in the most intensive
neovascularization areas were quantified by staining of the sections with hematoxylin and eosin followed
by silver. For each tumor, five random images were captured at x400 magpnification. Only areas of viable
tumor tissue were imaged; necrotic regions were excluded. The individual microvessels were counted. The
structure of individual microvessels was clearly differentiated from tumor cells on silver staining. The final
vascular density score for the tumor represents an average of all scored fields.
Lung metastasis model



One million LLC cells in 100 pul of PBS were intravenously injected in the lateral tail veins of 8-wk-old
female mice. Then, 14 days later, the mice were anesthetized and killed, and the lungs were removed and
weighed. Finally, the lungs were placed in Bouin’s solution for 24 h and then photographed.
Determination of hemoglobin levels in tumor tissues

The dissected tumor tissues were washed, cut into small pieces with scissors, and homogenized with a
Polytron homogenizer in a SET buffer (250 mM sucrose, 0.5 mM EDTA, and 20 mM Tris-HCI (pH 7.4))
containing 10 mM indomethacin, 1 mM phenylmethylsulfonyl fluoride, and 0.5% (v/v) Triton X-100. The
tissue homogenates obtained were centrifuged at 3,000 rpm for 5 min, and an aliquot (200 pl) of the
supernatant was centrifuged again at 14,000 x g for 30 min at 4°C. Concentrations of hemoglobin in the
supernatant were then determined spectrophotometrically by measuring the absorbance at 540 nm using a
hemoglobin assay kit (Wako, Osaka, Japan).

RT-PCR

Total RNA was isolated from cells and tissues using Trizol (Invitrogen). Synthesis of cDNA was
performed with 2 pg of the total RNA and avian myeloblastosis virus-reverse transcriptase according to the
manufacturer’s instructions supplied with the RNA PCR kit version 2.1 (Takara Biomedicals, Shiga, Japan).
Subsequent amplifications of the partial ¢cDNA fragments were performed using 0.5 pl of the
reverse-transcribed mixture as a template with a set of specific oligonucleotide primers (Sigma) as follows:

mouse VEGEF, sense 5“GATGAAGCCCTGGAGTGC-3' and antisense
S-TCCCAGAAACAACCCTAA-3"; and mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
sense S-TCGTGGATCTGACGTGCCGCCTG-3' and antisense

5-“CACCACCCTBTTGCTGTAGCCGTAT-3". The PCR mixtures were subjected to 30 cycles of
amplification by denaturation (30 s at 94°C), annealing (30 s at 57°C), and elongation (30 s at 72°C). The
PCR products were analyzed by 1% agarose gel electrophoresis with ethidium bromide.
Real-time RT-PCR

Single-stranded cDNA was generated using 1 pg of total RNA as a template and avian myeloblastosis
virus reverse transcriptase, using a High Capacity Reverse Transcriptase kit (Applied Biosystems, Foster
City, CA). Real-time PCR was carried out using the SYBR Green PCR Master Mix (Applied Biosystems)
and StepOne (Applied Biosystems) according to the manufacturers' instructions. The PCR primer sets used
were 5-ATGGCTCAGACATCCACTCC-3' and 5-GGTCATCTAGCCCATCTCCA-3' for mouse a5
integrin and 5-GGTGTCGTGTTTGTGAATGC-3' and 5'-TGACGCTAGACATGGACCAG-3' for mouse
B1 integrin. The expression levels of the integrins were normalized with those of mouse GAPDH with a
primer set of S'-“ATGTGTCCGTCGTGGATCTGA-3' and 5-ATGCCTGCTTCACCACCTTCT-3". Results
represent an average of three independent experiments.
Gelatin zymography

Lysates of cells and tissues (27-pug protein equivalents) were subjected to 10% SDS-PAGE, with 1 mg/ml
gelatin substrate being incorporated into the gels. Following electrophoresis, the gels were soaked in 2.5%
Triton X-100 to remove SDS, rinsed with 10 mM Tris—HCI, pH 8.0, and transferred to a bath containing 50
mM Tris, pH 8.0, 5 mM CaCly, and 1 pM ZnCl, at 37°C for 18 h. The gels were then stained with 0.1%
Coomassie blue in 45% methanol and 10% acetic acid.

RESULTS
Reduced tumorigenic potential of mPGES-1-silenced LLC cells in vitro — We established mPGES-1



KD LLC cells by means of an siRNA silencing strategy, as described in Experimental Procedures. The
expression levels of mPGES-1 and other enzymes involved in PGE, synthesis in mPGES-1 KD and mock
cells were examined by Western blotting (Fig. 1A). The expression level of mPGES-1 was reduced by
—80% in mPGES-1 KD cells relative to mock cells, while those of COX-1 and -2 and other PGE synthases
(cPGES and mPGES-2) in both cell lines were approximately the same (Fig. 1A). Furthermore, we found
that, among the four EP receptor subtypes that can bind to PGE; [24], LLC cells expressed detectable
levels of EP2, EP3 and EP4 proteins, among which the level of EP2 protein was slightly reduced in
mPGES-1 KD cells relative to mock cells (Fig. 1A). The amounts of PGE, released into medium during
culture were decreased in mPGES-1 KD cells relative to mock cells (Fig. 1B), whereas those of 6-keto
PGF, (a non-enzymatic hydrolytic product of PGI,) and PGF, were comparable between mPGES-1 KD
cells and mock cells (Fig. 1C).

Concurrently, mPGES-1 KD cells grew more slowly than did mock cells (Fig. 1D). NS-398, a
COX-2-selective inhibitor, suppressed PGE; generation and cell proliferation in mock cells by ~60% and
~25%, respectively, whereas no further decreases in PGE; production and cell growth were found in
mPGES-1 KD cells (Fig. 1B and D). Production of 6-keto PGF), and PGFy, was equally sensitive to
NS-398 in both cell lines (Fig. 1C). Furthermore, cell growth of mPGES-1 KD cells was partially (even if
not completely) restored by addition of an optimal concentration (1 uM) of 16,16-dimethyl PGE,
(dmPGE,), a synthetic analog of PGE; (Fig. 1E). These results suggest that the PGE; produced through the
COX-2/mPGES-1 pathway is partially required for the proliferation of LLC cells.

In the process of tumor metastasis, cancer cells from the primary tumor must invade the extracellular
matrix (ECM). There are many reports demonstrating that malignant tumor cells often possess high
invasive activity [25]. Thus, we next assessed the effect of mPGES-1 silencing on the invasive activity of
LLC cells using Matrigel™ invasion chambers. As shown in Fig. 2A, the number of mPGES-1 KD cells
migrating across the Matrigel-coated filter was markedly fewer than that of mock cells. Since it is known
that the PGE» signaling activates the invasive potential of cancer cells by increasing the expressions of
VEGF, a proangiogenic factor, and matrix metalloproteinases (MMPs), which hydrolyze type IV collagen
localized in the basement membrane [25], we next examined the effects of mPGES-1 silencing on the
expression of VEGF and the activities of MMP-2 and -9 by Western blotting and gelatin zymography,
respectively. As shown in Fig. 2B, MMP-2 activity in the conditioned medium from mPGES-1 KD cells
was lower than that in the medium from mock cells. In contrast, MMP-9 activity and VEGF expression
were unaffected by mPGES-1 silencing (Fig. 2B). These results suggest that the silencing of mPGES-1
diminishes in vitro migration of LLC cells by reducing the PGEz-induced MMP-2 activation.

The ability of cancer cells to adhere to the ECM influences their motility and invasion in tumor tissues
in vivo, and metastatic tumor cells show decreased ECM-adherent activity in vitro [25, 26]. Therefore, we
next studied the attachment of mPGES-1 KD or mock cells to culture dishes pre-coated with distinct ECM
components. The results showed that the numbers of mPGES-1 KD cells adhering to collagen and
fibronectin, but not to laminin, were significantly increased as compared with those of mock cells (Fig. 2C).
Moreover, the increased adhesion of mPGES-1 KD cells to collagen or fibronectin was entirely reversed
by dmPGE,; to the level of mock cells (Fig. 2C). Consistent with the increased binding of mPGES-1 KD
cells to collagen and fibronectin, the expressions of their receptor components, a5 and Bl integrins, were
elevated in the KD cells relative to control cells (Fig. 2D). Thus, we conclude that mPGES-1 supplies a
majority of the PGE; that enhances the malignant potential (in terms of ECM invasion and adherence) of



